Abstract-The non-equilibrium electron energy distribution function (EEDF) obtained via solving the Boltzmann equation is introduced into the fluid model,and the effects of the microwave frequency on the EEDF and air breakdown are investigated. Numerical simulations show that the breakdown threshold of the fluid model with the nonequilibrium EEDF agrees well with that of the reported experiments. The microwave frequency plays an important role on the shape of the non-equilibrium EEDF at low pressures. The breakdown time at the low pressures predicted by the Maxwellian EEDF is shorter than that from the non-equilibrium EEDF in low-frequency oscillating fields, while matches the latter in high-frequency oscillating fields.
INTRODUCTION
The high power microwave (HPM) pulse has important applications in directed energy weapons, earth-space communications and the creation of artificial ionized layers in the atmosphere, etc. [1, 2] . Significant progress in the multi-giga-watt HPM pulse has been made in recent years [3] [4] [5] . When the amplitude of the HPM pulse is higher than the air breakdown threshold, the plasma produced by the ionization of air will attenuate and reflect the tail of the HPM pulse. Air breakdown has become one of major factors to limit the transmission and radiation of the HPM pulse.
Air breakdown caused by the HPM pulse has been studied by many investigators [6] [7] [8] [9] . The fluid model with great advantages in simplicity and speed has been widely used in the simulation of the HPM breakdown in air [10] [11] [12] . In this fluid model, the electron energy distribution function (EEDF), which is an important coefficient to calculate ionization parameters (ionization, attachment, collision and energy loss frequency), is often assumed to be a Maxwellian EEDF. After introducing the spherical harmonics expansion into the electron Boltzmann equation (BE), we can well know that the Maxwellian EEDF holds only when the collision frequency can be assumed constant [7] . However, the shape of the EEDF may depend on the microwave frequency if the collision frequency can not be assumed constant. Therefore, the Maxwellian EEDF can lead to inaccurate features of the air breakdown for different frequencies.
Resent work by Nam, et al. shows that the shape of the EEDF is weakly dependent on the microwave frequency at high pressure [7] . But at low pressure, the frequency can play an important role on the EEDF since it is comparable with or greater than the collision frequency. This problem as is known is still poorly understood especially for the fluid model.
A common method for finding the non-equilibrium EEDF is to solve the electron Boltzmann equation. Based on the classic twoterm approximation, a user-friendly BE solver BOLSIG+ have been developed by [13] . The interaction of electron and molecule, i.e., elastic and all important inelastic collisions, is taken into account for calculating the EEDF in the BE solver.
In this paper, the non-equilibrium EEDF from BOLSIG+ is introduce into the fluid model, and the effects of the microwave frequency on the EEDF and air breakdown are investigated. In order to validate the accuracy of the non-equilibrium EEDF, we compare the air breakdown thresholds predicted by the fluid model with the non-equilibrium EEDF and the Maxwellian EEDF to the results from several experiments.
FLUID MODEL
The fluid model consists of Maxwell's equations, the electron fluid equations, as well as the ionization parameters which can be obtained by integrating the collision cross section over the electron energy distribution function.
Basic Equations
The basic equations for the one-dimensional fluid model are as follows [10] 
where E x and E z represent the electric field components along x-axis and z-axis, H y is the magnetic component along y-axis. q e and m e denote the charge and mass of electron. ε 0 and µ 0 are the permittivity and permeability of free space. ν i , ν a , ν c and Q l are the ionization, attachment, collision and energy loss frequency of electron respectively. N e denotes the free electron density. U x and U z are the components of the electron fluid velocity along x-axis and z-axis, U e is the energy of the electron fluid. U x , U z and U e can be written as
where v x and v z denote the mean electron velocity of the electron fluid along x-axis and z-axis, and ε e denotes the mean electron energy.
Ionization Parameters
The ionization parameters are important to describe the interaction of the air molecules and the electrons accelerated by the microwave pulse, as shown in Eqs. (4)- (7). These parameters can be obtained as follows
where M gas and N gas are the mass and density of the gas molecule respectively, σ j,n and ε n represent the collision cross section and threshold energy of each reaction set, and these cross sections for different gas have been experimentally and theoretically determined [14] [15] [16] . f (ε) is the normalized EEDF. The detailed definition of the ionization parameters can be found in Ref. [9] .
Electron Energy Distribution Function
The electron BE for the non-equilibrium assemble in an ionized gas is
where F is the electron distribution in six-dimensional phase space, and C represents the rate of change in F due to collisions. We employ the BE solver BOLSIG+, which takes into account of different growth models, quasi-stationary and oscillating fields and electron-neutral collisions [13] , to obtain the non-equilibrium EEDF f (ε) in Eqs. (9) and (10).
RESULTS AND DISCUSSIONS
The unknowns in Eqs. (1)- (7) are E x , E z , H y , N e , U x , U z and U e , and we can employ the FDTD method to solve them [12] . Here, we assume that the air is composed of 21% oxygen, 78% nitrogen and 1% argon, in which there is a small number of seed electrons (N e0 = 1.0 cm −3 ). The shape of the HPM oscillating field in time can be written as follow E i (t) = E m · sin(2πf t), where E m and f are the amplitude and frequency. Figure 1 shows the comparisons of the fluid model with the experiments at f = 3.062 GHz and 110 GHz [17, 18] , in which the pulse length t p is 100 ns and 2500 ns respectively. The breakdown threshold is defined as the amplitude E m when the electron density reaches the critical density N eb for the air breakdown (N eb ≈ 1.24 × 10 16 f 2 GHz (m −3 )) [19] . It can be seen from Fig. 1 that the breakdown threshold predicted by the fluid model with the non-equilibrium EEDF agrees well with the experimental results, while the Maxwellian EEDF gives lower breakdown threshold at high pressures and f = 110 GHz. This can be explained by the fact that the ionization frequencies based on the Maxwellian EEDF are larger than those from the non-equilibrium EEDF when the mean electron energy is low at the high pressures and high frequencies (detailed discussions see Subsection 3.2).
Comparison of Our Result and Experimental Data
(a) (b) Figure 1 . Comparisons of the air breakdown threshold between the experiments [17, 18] , the fluid model with the Maxwellian EEDF and the non-equilibrium EEDF. (a) f = 3.062 GHz and t p = 100 ns. (b) f = 110 GHz and t p = 2500 ns.
Effect of the Frequency on the EEDF and Air Breakdown
We employ the BE solver BOLSIG+ to obtain the non-equilibrium EEDF with different mean electron energy ε e for different microwave frequencies. As an example, Fig. 2 shows the comparisons of the Maxwellian EEDF with the non-equilibrium EEDF at 3 GHz and 110 GHz for ε e = 4 eV. We can see from Fig. 2(a) that, at p = 50 Torr, the Maxwellian EEDF can well approximate the non-equilibrium EEDF at 110 GHz, while its energy tail is much higher than that of the latter at 3 GHz. At p = 500 Torr, no significant change takes place in the shape of the non-equilibrium EEDF as the frequency changes, and the energy tail of the Maxwellian EEDF is much higher than those of the non-equilibrium EEDF, as shown in Fig. 2(b) . Figure 3 shows the ionization frequencies as a function of ε e based on the Maxwellian EEDF and the non-equilibrium EEDF. It can be seen from Fig. 3(a) that, at p = 50 Torr, the Maxwellian EEDF predicts the ionization frequencies similar to those based on the non-equilibrium EEDF at f = 110 GHz, but predicts larger ionization frequencies than the latter at 3 GHz, due to its higher energy tail (see Fig. 2(a) ). From Fig. 3(b) we can see that, for p = 500 Torr, the ionization frequency based on the Maxwellian EEDF is larger than those from the nonequilibrium EEDF at both f = 3 and 110 GHz, since the energy tail of the Maxwellian EEDF is overestimated (see Fig. 2(b) ). Figure 4 shows the breakdown time as a function of the frequency predicted by the fluid model with the Maxwellian EEDF and the non-equilibrium EEDF at ε e = 4 eV ( represents the time average). Here the breakdown time is defined as the time in which the electron density reaches the critical density N eb for the air breakdown. It can be seen from Fig. 4(a) that the breakdown time based on the Maxwellian EEDF is shorter than that from the non-equilibrium EEDF for low frequencies at p = 50 Torr, but matches the latter for high frequencies. This is because the ionization frequency based on the Maxwellian EEDF is approximately equal to that from the non-equilibrium EEDF for high frequencies (see Fig. 3(a) ).
In Fig. 4(b) , the Maxwellian EEDF gives shorter breakdown time compared with the non-equilibrium EEDF over all frequencies at p = 500 Torr, and this is because the energy tail of the Maxwellian EEDF is overestimated and leads to larger ionization frequencies, as shown in Fig. 2(b) and Fig. 3(b) .
CONCLUSION
In this paper, the non-equilibrium EEDF obtained via solving the Boltzmann equation directly is introduced into the fluid model, and the effects of the microwave frequency on the EEDF and air breakdown are investigated when the mean electron energy is below 10 eV. The advantage of the non-equilibrium EEDF over the Maxwellian EEDF on the simulations of HPM breakdown in air is demonstrated with several experiments. Our simulation results show the breakdown time at low pressures predicted by the Maxwellian EEDF is shorter than that from the non-equilibrium EEDF in low-frequency oscillating fields, since the energy tail of Maxwellian EEDF is overestimated and generates larger ionization frequencies. However, the Maxwellian EEDF can well approximate the non-equilibrium EEDF for high frequencies at the low pressures, and the corresponding breakdown times are in agreement. 
